Introduction
============

Following the seminal observation in the early 1980s that sera from nearly all mothers of children with isolated congenital heart block (CHB) contain specific autoantibodies \[[@B1],[@B2]\], this disease, previously of interest only to the disciples of cardiology, became an important model of passively acquired autoimmunity. The identification of CHB in a fetus, particularly in the late second trimester and in the absence of structural abnormalities, currently predicts with at least 85% certainty that the mother will have autoantibodies to SSA/Ro alone or in conjunction with antibodies to SSB/La ribonucleoproteins \[[@B3]\]. Disease in the fetus is entirely independent of whether the mother has systemic lupus erythematosus or Sjögren\'s syndrome, or is totally asymptomatic \[[@B3],[@B4]\].

One of the most intriguing aspects of CHB is that it is an injury unique to some phase(s) of development, since it has never been reported in the maternal heart despite the presence of identical antibodies in the maternal circulation. CHB carries a substantial mortality (approaching 20%) and morbidity, with over 60% of affected children requiring lifelong pacemakers \[[@B5]\]. To date, third-degree atrioventricular (AV) block is irreversible. With advances in fetal echocardiography, first-degree and second-degree blocks have also been detected *in utero*, an observation that suggests a window of opportunity with regard to treatment. Based on a review of records from the Research Registry for Neonatal Lupus \[[@B6]\], however, we have recently learned that incomplete AV block can progress postnatally despite the clearance of the candidate maternal antibodies from the neonatal circulation \[[@B7]\].

The present model of passively acquired autoimmunity offers an exceptional opportunity to examine the effector arm of immunity and to define the pathogenicity of an autoantibody in mediating tissue injury. The study of CHB exemplifies not only translational research, which inherently draws upon clinical observations and explores them in the laboratory, but also \'integrational\' research, which attempts to fit together critical clinical and basic observations, even those seemingly at odds. The pathologic cascade that eventuates in irreversible fibrosis, characteristic of this autoimmune-associated cardiac disease, has been difficult to define at the molecular level. The challenge rests on integrating the initial antibody insult with the final cardiac injury, and on reconciling the facts that the target antigens are intracellular and that most infants born to mothers with the candidate antibodies do not have clinically detectable AV block \[[@B8]\]. Antibodies are therefore necessary but insufficient to cause CHB, and the final pathway leading to fibrosis may be variable, kept totally in check in most fetuses (normal sinus rhythm), being subclinical in others (first-degree block) and being fully executed in very few (advanced block).

Pathologic cascade from antibody insult to fibrosis
===================================================

Accessibility of intracellular target antigen to the extracellular antibodies
-----------------------------------------------------------------------------

In consideration of surface binding, one hypothesis is that apoptosis might result in translocation of intracellular antigens to the external leaflet of the membrane. Casciola-Rosen and colleagues first demonstrated, by confocal microscopy, the presence of SSA/Ro and SSB/La in surface blebs of apoptotic keratinocytes \[[@B9]\]. Applicability of apoptosis to the pathogenesis of CHB is supported by several observations. It is a selective process of physiological cell deletion in embryogenesis and normal tissue turnover, plays an important role in shaping morphological and functional maturity \[[@B10],[@B11]\], and affects scattered single cells rather than tracts of contiguous cells \[[@B12]\]. Perhaps a novel view of apoptosis is that it facilitates the placing of target autoantigens in a position to be recognized by previously generated antibodies. In autoimmune-associated CHB, the newly accessible antigen is not \'inducing\' an immune response (i.e. immunogenic), but rather becomes a target of cognate maternal autoantibodies already present in the fetal circulation (i.e. antigenic).

Our laboratory initially addressed apoptosis *in vitro*using cultured human fetal cardiocytes. Incubation of 4-day cultured human fetal cardiocytes with 0.5 μM staurosporine or with 0.3 mM 2,3-dimethoxy-1,4-naphthoquinone induced the characteristic morphologic changes of apoptosis, the internucleosomal cleavage of DNA, and the signature 85 kDa cleavage fragment of poly ADP-ribose polymerase \[[@B13]\]. Apoptosis could also be induced by culturing the cells on poly(2-)hydroxyethylmethacrylate \[[@B14]\]. The surface expression of 48 kDa SSB/La and of 52 kDa and 60 kDa SSA/Ro was demonstrated by confocal microscopy and scanning electron microscopy using affinity-purified antibodies to each of the respective antigens \[[@B13],[@B15]\].

Tran and colleagues have recently identified physiologic apoptosis, translocation of SSB/La, and binding of anti-SSB/La antibodies in the developing murine heart \[[@B16],[@B17]\]. We have extended this *in vivo*work and examined cardiac sections from several available autopsies. As assessed by TUNEL (FITC and immunoperoxidase detection), apoptosis was increased in available sections including septal tissue (containing the conduction system), the right ventricle and left ventricle from two fetuses (20 and 22 weeks gestational age) dying with CHB, compared to age-matched normal abortuses from elective termination. Notably, apoptotic cardiocytes were not present in contiguous tracts, but rather were diffusely scattered between nonapoptotic cells (Fig. [1A](#F1){ref-type="fig"}). Apoptosis was most pronounced in the septal regions. Furthermore, human IgG was colocalized to the apoptotic cells (Fig. [1C](#F1){ref-type="fig"}). Although apoptosis had not been previously examined, earlier studies have shown deposition of IgG in the hearts from two infants dying of CHB and hydrops (29 and 30 weeks gestation, respectively) in several areas of the heart, including the conduction system \[[@B18],[@B19]\]. Lee and colleagues reported that, in some areas, \"IgG appeared to outline cells\" \[[@B19]\].

What these experiments do not address is the specificity of the anti-SSA/Ro--SSB/La antibodies and the unique vulnerability of the fetal heart. Dieude and colleagues have recently reported (also confirmed in our laboratory) that lamin B~1~is redistributed during apoptosis but, unlike SSA/Ro or SSB/La, is not bound by cognate antibodies \[[@B20]\]. These findings support discordance in the final cellular destination of translocated nuclear autoantigens during the process of apoptosis. In the case of lamin B~1~, physiologic noninflammatory clearance of apoptotic cells should proceed uneventfully even in the presence of circulating cognate antibodies. In CHB, however, the maternal anti-SSA/Ro--SSB/La antibodies result in opsonization and inflammatory/fibrotic sequelae. Even if it is found that SSA/Ro--SSB/La are not absolutely unique in this regard, there may be other factors such as complement binding of certain antigens or degradation of antigens that facilitate clearing without further sequelae. Establishing the fact that at least one other nuclear autoantigen is not surface bound during apoptosis of human fetal cardiomyocytes is a step forward.

The inflammatory component
==========================

The consequences of antibody-bound (opsonized) apoptotic cardiocytes were initially explored *in vitro*using a coculturing system \[[@B15]\]. Macrophages coincubated with these opsonized cells secreted increased levels of tumor necrosis factor alpha over basal conditions or coculture with apoptotic cardiocytes incubated with IgG from a healthy control. Other investigators have also demonstrated that phagocytosis of opsonized apoptotic cells is proinflammatory \[[@B21],[@B22]\]; for example, the observation that ingestion of apoptotic cells bound by anticardiolipin antibodies results in the release of tumor necrosis factor alpha from cocultured macrophages \[[@B22]\]. Histologic studies confirmed the *in vitro*coculturing model. Giant cells and macrophages (frequently seen proximal to IgG) were present in septal regions as well as in areas of thickened fibrous subendocardium, most apparent in the two fetuses dying before 23 weeks. These studies extend previous reports of a mononuclear cell infiltration in the myocardium of a fetus dying *in utero*at 18 weeks of gestation \[[@B23]\] and the demonstration of patchy lymphoid aggregates throughout the myocardium of an infant delivered at 30 weeks and dying in the immediate postnatal period \[[@B19]\].

Macrophages potentially contribute to several aspects of the pathologic process mediated by maternal autoantibodies. Although the pathways of clearance and cytokine secretion may vary, these scavengers phagocytose both nonopsonized and opsonized apoptotic cells. Concomitantly or alternatively, macrophages may present antigen to lymphocytes (perhaps those of either maternal or fetal origin), further contributing to an inflammatory process. Moreover, macrophages may provide a critical link between inflammation and ultimate scarring by secretion of alkaline phosphatases, resulting in increased calcification \[[@B24]\]. In fact, macrophages could be seen contained in areas of calcification, particularly in the early cases. In a full-term neonate with CHB who died at birth, however, macrophages were less abundant and not associated with calcified areas, suggesting a diminished role in inflammation as the pathologic process evolves.

The fibrosing end of the line
-----------------------------

Perhaps CHB occurs as a consequence of unresolved scarring of the AV node secondary to the transdifferentiation of cardiac fibroblasts to unchecked proliferating myofibroblasts (scarring phenotype in which smooth muscle actin is expressed). Histologic support for this hypothesis was provided by the detection of myofibroblasts in all the affected CHB fetuses regardless of the timing of death relative to detection. As expected, myofibroblasts were located in areas of fibrosis. In the 20-week CHB fetus, clusters of macrophages in close proximity to myofibroblasts were present in scar tissue near the AV groove as well as the thickened fibrous subendocardium (Fig. [2](#F2){ref-type="fig"}). Sections from the septum of the 22-week CHB fetus showed myofibroblasts associated with the extensive fibrous matrix, and showed marked calcification in the inferior portion of the atrial wall where the AV node is likely to reside. In the full-term neonate dying at birth of CHB, myofibroblasts were observed in areas of scar. In contrast, these cells were not observed in either septal or ventricular tissue from the control 22-week and 23-week abortuses and from a term neonate dying of noncardiac causes. For the 20-week and 22-week CHB hearts, there was a strong positive correlation between the absolute number of macrophages and the content of myofibroblasts.

The functional implication of the cellular colocalization demonstrated on the histologic sections was examined by *in vitro*studies in which cultured human fetal cardiac fibroblasts, exposed to supernatants obtained from macrophages incubated with opsonized apoptotic cardiocytes, markedly increased the expression of the myofibroblast marker smooth muscle actin (scarring phenotype) \[[@B14]\]. The addition of neutralizing antitransforming growth factor beta antibodies to the \'opsonized\' supernatant blocked expression of smooth muscle actin, supporting a potential role of transforming growth factor beta in the final pathologic cascade to scarring. Of relevance, preliminary genotyping data suggest that children with CHB have a higher frequency of the fibrosis-promoting polymorphism at codon 10 of transforming growth factor beta than do unaffected siblings \[[@B25]\].

While it is often assumed that fibrosis is simply the end result of an inflammatory insult, a recently published pathologic description of Lyme carditis associated with second-degree heart block prompts a reappraisal of the elements of tissue injury, response, and ultimate repair or scar in the human heart. Right ventricular biopsy revealed mono-nuclear cells around the myocardial microvasculature and within the endocardium \[[@B26]\]. Despite prolonged inflammation (second-degree heart block was present for 8 weeks), the cascade to fibrosis was not irrevocably programmed since the block resolved following antibiotic therapy. This absence of permanent injury stands in strong contrast to the rapid progression to scarring seen in autoantibody-associated CHB. The expression of specific combinations of cytokines may ultimately provide the explanation.

Conclusions
===========

In summary, immunohistological analyses of available cardiac sections from several cases of CHB/myocarditis with varying degrees of pathology parallel the results obtained exploiting *in vitro*coculturing systems. Physiologic apoptosis may initiate an inflammatory process via antibody binding and ingestion by macrophages that not only fuels continued apoptosis, but contributes to the transdifferentiation of cardiac fibroblasts to a scarring phenotype.

The heart block of neonatal lupus is not only progressive (second to third degree) but also characteristically irreversible, despite brief exposure to autoantibodies and a limited period of inflammation. This is underscored by the finding of extensive fibrosis even in the earliest deaths. Furthermore, persistence of this phenotype even after birth may be related to the progression of block seen post-partum in some infants \[[@B7]\]. Moreover, fibrosis of the AV node contradicts the paradigm that fetal wounds heal without scarring \[[@B27]\].

Disruption of healing may involve the continued presence of myofibroblasts, a consequence of protracted stimulation from the macrophages. Irreversible fibrotic replacement of normal tissue may be unique to heart block acquired *in utero*following autoantibody-initiated inflammation. Other inflammatory stimuli, as in Lyme disease, induce transient block \[[@B26]\], arguing against the assumption that fibroblast transdifferentiation is merely a common final pathway of inflammation.

It seems reasonable to predict that there are both susceptibility and regulatory factors, such as fetal polymorphisms of Fc receptors and cytokines, each of which could influence the extent of the proposed pathologic cascade to result in permanent third-degree heart block. Dissecting the individual components in this fibrotic pathway should elucidate the pathogenesis of antibody-associated CHB and the rarity of irreversible injury, and may provide a rationale for therapy.
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![Histological evidence of increased apoptosis and deposition of human IgG in conduction tissue of a 20-week fetus with congenital heart block (CHB). **(A)**A longitudinal section through the septal tissue of a 20-week fetus with CHB, counterstained with hematoxylin and eosin. Apoptotic cells are identified by TUNEL peroxidase and are scattered among healthy cells. **(B)**The same tissue section stained with alkaline phosphatase conjugated to anti-human IgG. **(C)**The same tissue section double-stained with TUNEL peroxidase and alkaline phosphatase conjugated to anti-human IgG to demonstrate colocalization of apoptosis and of IgG, respectively.](ar763-1){#F1}

![Proximity of macrophages and myofibroblasts in the septum of the heart from a 20-week fetus with congenital heart block (CHB). Longitudinal sections through the septum of a 20-week CHB heart. Tissue was first incubated with **(A)**anti-CD68 (macrophage) or **(B)**anti-smooth muscle actin (myofibroblast and blood vessel smooth muscle cells), and then stained with alkaline phosphatase.](ar763-2){#F2}
